We evaluated the safety, pharmacokinetic profi le, pharmacodynamic effects, and antitumor activity of abemaciclib, an orally bioavailable inhibitor of cyclin-dependent kinases (CDK) 4 and 6, in a multicenter study including phase I dose escalation followed by tumorspecifi c cohorts for breast cancer, non-small cell lung cancer (NSCLC), glioblastoma, melanoma, and colorectal cancer. A total of 225 patients were enrolled: 33 in dose escalation and 192 in tumor-specifi c cohorts. Dose-limiting toxicity was grade 3 fatigue. The maximum tolerated dose was 200 mg every 12 hours. The most common possibly related treatment-emergent adverse events involved fatigue and the gastrointestinal, renal, or hematopoietic systems. Plasma concentrations increased with dose, and pharmacodynamic effects were observed in proliferating keratinocytes and tumors. Radiographic responses were achieved in previously treated patients with breast cancer, NSCLC, and melanoma. For hormone receptor-positive breast cancer, the overall response rate was 31%; moreover, 61% of patients achieved either response or stable disease lasting ≥ 6 months.
INTRODUCTION
Cyclin-dependent kinases (CDK) 4 and 6 interact with D-type cyclins to phosphorylate the retinoblastoma (RB) tumor suppressor protein and promote G 1 to S phase cellcycle progression ( 1 ). The activity of these kinases is regulated by the phosphorylation, ubiquitination, and binding of endogenous cellular inhibitors from the INK4 family (2) (3) (4) (5) . The INK4-CDK4/CDK6-cyclin D axis is often disrupted in cancer by both genetic and epigenetic mechanisms, resulting in increased kinase activity (6) (7) (8) . In addition, excessive CDK4 or CDK6 activity may suppress senescence and directly contribute to both initiation and maintenance of the transformed state (9) (10) (11) (12) (13) (14) (15) . Ectopic expression of INK4-inhibitory proteins in cancer cells reverses these tumorigenic effects, indicating the potential of CDK4 and CDK6 as antineoplastic drug targets ( 16 ) . Furthermore, mouse models lacking D-type cyclins or CDK4 or CDK6 demonstrate context-specifi c roles for these proteins in proliferation that is restricted by cell type, suggesting a therapeutic window for inhibition of CDK4 and CDK6 as an anticancer strategy (17) (18) (19) (20) .
Abemaciclib (LY2835219) is a small-molecule inhibitor of CDK4 and CDK6 that is structurally distinct from other dual inhibitors (such as palbociclib and ribociclib) and notably exhibits greater selectivity for CDK4 compared with CDK6 ( 21 ) . Consistent with its activity against CDK4 and CDK6, abemaciclib inhibits RB phosphorylation and leads to G 1 arrest in RB-profi cient cell lines ( 21 ) . In a colorectal cancer xenograft model used to develop an integrated pharmacokinetic/pharmacodynamic model, abemaciclib can be dosed orally on a continuous schedule to achieve sustained target inhibition and demonstrates not only durable cellcycle inhibition but also single-agent antitumor activity ( 21, 22 ) . Tumor growth inhibition is observed in multiple other human cancer xenograft models, including those derived from non-small cell lung cancer (NSCLC), melanoma, glioblastoma, and mantle cell lymphoma (21) (22) (23) . Abemaciclib distributes across the blood-brain barrier and prolongs survival in an intracranial glioblastoma xenograft model ( 24 ) , suggesting potential effi cacy against primary and metastatic tumors involving the central nervous system.
Based on preclinical investigations, we conducted a multicenter study including phase I dose escalation and tumorspecifi c cohorts. The primary objective was to evaluate safety and tolerability of abemaciclib when administered orally on a continuous schedule to patients with advanced cancer. Secondary objectives were to determine pharmacokinetics, evaluate biomarkers, document antitumor activity, and establish a recommended dose range for patients with cancer.
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RESULTS
Enrollment
A total of 225 patients with advanced cancer were enrolled between December 28, 2009 , and April 28, 2014. Thirty-three patients were enrolled in dose escalation (Supplementary  Table S1 ) and 192 patients in tumor-specifi c cohorts for breast cancer ( n = 47, single-agent therapy with abemaciclib), NSCLC ( n = 68), glioblastoma ( n = 17), melanoma ( n = 26), colorectal cancer ( n = 15), and hormone receptor (HR)-positive breast cancer ( n = 19, combination therapy with abemaciclib + fulvestrant). Baseline patient and disease characteristics are summarized by cohort and in aggregate for the tumorspecifi c cohorts in Supplementary Table S2 . Notably, most patients had ≥ 2 metastatic sites and had received multiple prior systemic therapies for advanced cancer.
Dose Escalation
During dose escalation, both once-daily ( n = 13) and twicedaily ( n = 20) schedules were investigated. On the once-daily (Q24H) schedule, sequential cohorts of patients received abemaciclib at dose levels of 50 mg ( n = 4), 100 mg ( n = 3), 150 mg ( n = 3), or 225 mg ( n = 3). Dose-limiting toxicity (DLT) was not observed, and the maximum tolerated dose (MTD) was not reached. On the twice-daily (Q12H) schedule, sequential cohorts of patients received abemaciclib at dose levels of 75 mg ( n = 3), 100 mg ( n = 4), 150 mg ( n = 3), 200 mg ( n = 7), and 275 mg ( n = 3). Febrile neutropenia was not observed on either schedule. At 200 mg Q12H, 1 of the 7 patients experienced DLT of grade 3 fatigue. At 275 mg Q12H, 2 of the 3 patients experienced DLT of grade 3 fatigue. Therefore, the MTD for the twice-daily schedule was established at 200 mg Q12H. Both the MTD and 150 mg Q12H were further investigated in the tumor-specifi c cohorts.
Safety
In the single-agent tumor-specifi c cohorts ( n = 173), the most common (>10%) treatment-emergent adverse events (TEAE) possibly related to abemaciclib involved fatigue and the gastrointestinal (diarrhea, nausea, vomiting, anorexia, and weight loss), renal (increased creatinine), or hematopoietic (leukopenia, neutropenia, thrombocytopenia, and anemia) systems ( Table 1 ) . These events occurred early, within 1 to 2 weeks of initiating treatment, and were reversible. There were no study-related deaths and only 2 grade 4 events (both neutropenia). Among the 173 patients, febrile neutropenia was observed in 1 patient with breast cancer who received abemaciclib at a dose of 150 mg Q12H. In the tumor-specifi c cohorts, grade 3 events involving the gastrointestinal and hematopoietic systems occurred in ≤ 5% and ≤ 10% of patients, respectively; grade 3 events involving the renal system were not observed, with grade 1 and 2 events occurring in 7% and 4% of patients, respectively. Due to the incidence of grade 1 and 2 diarrhea at 200 mg Q12H, the alternate starting dose of 150 mg Q12H was also explored. Among the 173 patients, dose reductions were required for 17 of 81 patients (21%) receiving a dose of 150 mg Q12H and 40 of 92 patients (43%) receiving a dose of 200 mg Q12H.
For patients with HR-positive breast cancer receiving combination therapy with abemaciclib plus fulvestrant ( n = 19), the most common possibly related TEAEs were similar to those observed in the single-agent cohorts (Supplementary  Table S3 ). There were no study-related deaths and no grade 4 events. Although grade 1 or 2 diarrhea was common and grade 3 diarrhea occurred in 1 patient (5%), no patients discontinued due to diarrhea. Grade 3 neutropenia occurred in 6 patients (32%); however, febrile neutropenia was not 
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observed. In combination with fulvestrant, the MTD for abemaciclib was also 200 mg Q12H. Overall, febrile neutropenia was rare and occurred in only 1 of the 225 patients (0.4%) treated in this study.
Pharmacokinetics
Abemaciclib plasma concentrations increased with dose following a single dose between 50 and 275 mg ( Fig. 1A ) and at steady state after multiple doses between 50 and 225 mg Q24H or 75 and 200 mg Q12H ( Fig. 1B ) . Relevant pharmacokinetic parameters are summarized in Supplementary  Tables S4 and S5 . The time course was characterized by a slow absorption phase with a median time from oral dose to maximum plasma concentration ( t max ) ranging from 4 to 6 hours. Abemaciclib was extensively cleared and distributed. The mean terminal elimination half-life (t 1/2 ) ranged from 17.4 to 38.1 hours with no apparent dose-dependent change in clearance. After multiple doses, the mean area under the plasma concentration-time curve over 24 hours at steady state (AUC 0-24,ss ) reached 4,280 and 5,520 ng-h/mL for 150 mg and 200 mg Q12H, respectively. The mean maximum plasma concentration at steady state (C max,ss ) reached 249 ng/mL and 298 ng/mL for 150 mg and 200 mg Q12H, respectively.
Both cerebrospinal fl uid and unbound plasma concentrations of abemaciclib were obtained on day 15 for 10 patients ( Fig. 1C ) . Cerebrospinal fl uid samples were collected for logistical reasons at variable time points (2-8 hours postdose), whereas plasma samples were obtained at a time point (4 hours postdose) approximating mean maximum plasma concentration (C max ). Notably, abemaciclib concentrations in the cerebrospinal fl uid (range, 2.2-14.7 nmol/L) exceeded the dissociation constant (Ki = 0.6 nmol/L) for the CDK4/cyclin D1 complex and approached unbound plasma concentrations for all these patients .
Pharmacodynamics
In both the dose-escalation and tumor-specifi c cohorts, phosphorylated RB (pRB) and topoisomerase II alpha (TopoII α , specifi c for S phase) were evaluated in epidermal keratinocytes (a proliferative cell population) as integrated pharmacodynamic biomarkers to monitor CDK4/6 inhibition and cell-cycle progression, respectively. Evidence of target engagement, as exemplifi ed by reduced pRB, was observed postdose at steady state on both schedules; however, Q12H dosing was selected for the tumor-specifi c cohorts to achieve more sustained pharmacodynamic inhibition over the dosing interval. At doses of both 150 mg and 200 mg Q12H, pRB ( Fig. 2A ; P < 0.0001) and TopoII α expression ( Fig. 2B ; P < 0.0001) was reduced following treatment with abemaciclib. At steady state, reductions in these parameters were comparable whether assessed predose or postdose, indicating sustained CDK inhibition over the dosing interval. The magnitude of pharmacodynamic effect was comparable for 150 mg and 200 mg Q12H across both biomarkers, thereby identifying an oral dose range associated with consistent in vivo target inhibition. Importantly, similar pharmacodynamic effects were also observed for pRB ( Fig. 2C ) and TopoII α ( Fig. 2D ) in fresh tumor biopsies collected whenever clinically feasible from patients receiving oral abemaciclib.
To test the hypothesis that a threshold pharmacodynamic effect predicts for disease control, we analyzed maximal percent change in tumor size as a function of percent change in pRB in skin for patients with HR-positive breast cancer in the single-agent cohort ( Fig. 2E ). This analysis revealed that a decrease in pRB ≥ 60% separated most patients with stable disease or response from those with progressive disease ( P < 0.0001) and defi ned a threshold pharmacodynamic effect that in the absence of biological modifi ers involved in 
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resistance may be associated with optimal clinical activity. Within this cohort, 1 patient with an increase in pRB achieved a partial response and 1 patient with a decrease in pRB ≥ 60% experienced progressive disease as best response; this latter patient had an HR-positive, HER2-negative breast carcinoma characterized by CCND1 amplifi cation, CDKN2A mutation, and TP53 mutation.
Breast Cancer
Because CDK4 activity is particularly important to the proliferation of luminal HR-positive tumors ( 25, 26 ) , we tested the activity of abemaciclib in relevant HR-positive breast cancer models. In a representative estrogen receptor (ER)-positive and HER2-negative human breast cancer xenograft (T47D), abemaciclib demonstrates antitumor activity as a monotherapy ( Fig. 3A ) . Consistent with these preclinical results, radiographic responses were observed among patients with previously treated HR-positive breast cancer receiving abemaciclib as a single agent. Importantly, these responses were not limited to patients with HER2-negative disease and also included those with HR-positive, HER2-positive breast cancer ( Fig. 3B ). 
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To extend these fi ndings, we characterized the clinical activity of abemaciclib in a cohort of 47 patients with advanced breast cancer who had received a median of 7 (range, 2-16) prior systemic therapies. Ten of the 47 patients who had progression on prior endocrine therapy continued endocrine therapy with the addition of abemaciclib. The disease control rate [complete response (CR) + partial response (PR) + stable disease (SD)] was higher for HRpositive tumors (29 of 36 patients, 81%) versus HR-negative tumors (3 of 9 patients, 33%), and radiographic responses occurred exclusively in the HR-positive population ( Table 2 ) . Among the 36 patients with HR-positive breast cancer, 11 (31%) achieved partial response (4 of whom had continued prior endocrine therapy) and 18 (50%) achieved stable disease, including 11 (31%) with stable disease for ≥ 24 weeks; thus, the clinical benefi t rate (CR + PR + SD for ≥ 24 weeks) was 61%. Of the 11 responses in the HR-positive population, 7 were observed among 25 patients (28%) with HER2-negative disease and 4 occurred among 11 patients (36%) with HER2-positive disease. For the overall HR-positive population, median duration of response was 13.4 months (95% CI, 3.7-13.4) and median progression-free survival (PFS) was 8.8 months (95% CI, 4.2-16.0). Change in tumor size at best response, along with genetic features and clinical markers, is depicted graphically for the single-agent breast cancer cohort ( Fig. 3C ) and highlights the activity of abemaciclib in HR-positive breast cancer. Duration of therapy is also summarized for these patients ( Fig. 3D ) and is notable for the durability of disease control in the absence of radiographic progression. Nonresponding breast tumors were more likely to harbor TP53 mutations, with all mutations observed occurring in the region encoding the p53 DNA-binding domain ( Fig. 3E ) . Importantly, abemaciclib demonstrated clinical activity in HR-positive breast cancers with or without PIK3CA mutations.
To evaluate the potential for combining abemaciclib with endocrine agents for the treatment of HR-positive breast cancer, we investigated combination therapy with abemaciclib plus fulvestrant, an antiestrogen that induces selective degradation of the estrogen receptor. The 19 patients in the combination cohort for HR-positive breast cancer had received a median of 4 (range, 1-11) prior systemic therapies, and all patients had received prior endocrine therapy. Both abemaciclib (200 mg Q12H) and fulvestrant (500 mg once monthly) were given at MTD. Partial responses were observed in 4 patients, resulting in a response rate of 21% (4 of 19 patients) for all patients (measurable or nonmeasurable disease) and a response rate of 36% (4 of 11 patients) for those patients with measurable disease. Although the disease control rate (15 of 19 patients, 79%) and clinical benefi t rate (12 of 
19 patients, 63%) were comparable to those among HRpositive patients in the single-agent cohort, several important factors (such as differences in eligibility criteria, nonrandomized design, and sample sizes for these cohorts) limit the ability to compare effi cacy for abemaciclib plus fulvestrant versus abemaciclib alone.
NSCLC
In a genetically engineered mouse model of KRAS -mutant NSCLC, genetic ablation of CDK4 induces senescence and prevents tumor progression ( 14 ) . In complementary pharmacologic experiments, we tested whether abemaciclib preferentially inhibits growth of KRAS -mutant versus wildtype NSCLC xenografts. Among 6 human xenograft models of NSCLC, tumors with KRAS mutation were more sensitive to abemaciclib than KRAS wild-type tumors ( Fig. 4A ) . Consistent with these preclinical results, evidence of single-agent antitumor activity was observed among patients with previously treated KRAS -mutant NSCLC ( Fig. 4B ) .
To extend these fi ndings, we evaluated the clinical activity of abemaciclib in a cohort of 68 patients with NSCLC who had received a median of 4 (range, 1-10) prior systemic 
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therapies, including 29 patients who had tumors harboring KRAS mutations. For the overall population (68 patients), the disease control rate (CR + PR + SD) was 49% (33 of 68 patients). Thirty-one of 68 patients (46%) achieved stable disease, including 15 patients (22%) with stable disease lasting for ≥ 24 weeks. The 6-month PFS rate was 26% (95% CI, 16%-38%), with 4 patients receiving single-agent abemaciclib without progression for ≥ 12 months (Supplementary Table  S6 ). Partial response was achieved for 1 patient with KRASmutant NSCLC and for 1 patient with KRAS wild-type squamous NSCLC bearing copy-number loss of CDKN2A .
KRAS mutations most often involved codon 12 or 13, but tumors with less-frequent mutations (Q61H, A146V) were also detected and associated with decreases in tumor size following single-agent treatment with abemaciclib ( 27 ) . The disease control rate for the KRAS -mutant population was 55% (16 of 29 patients), whereas that for the KRAS wild-type population was 39% (13 of 33 patients); moreover, stable disease lasting ≥ 24 weeks was achieved for 9 of the 29 patients (31%) with KRAS -mutant disease compared with 4 of 33 patients (12%) with KRAS wild-type disease (Supplementary Table S6 ). Finally, median PFS was 2.8 months (95% CI, 1.8-5.6) and 1.9 months (95% CI, 1.4-3.7) for the KRAS -mutant and KRAS wild-type populations, respectively.
Change in tumor size at best response, along with genetic features, is depicted graphically for the NSCLC cohort ( Fig. 4C ) and highlights the sensitivity of KRAS -mutant tumors. Decrease in tumor size was more common for KRASmutant disease, whereas increase in tumor size was more frequent for KRAS wild-type disease. For molecular subsets of KRAS -mutant adenocarcinoma ( 28 ), a decrease in tumor size was observed among evaluable patients for 4 of 4 KRAS -mutant tumors with concomitant TP53 alterations (KP subgroup) and 4 of 4 KRAS -mutant tumors with concomitant STK11/LKB1 alterations (KL subgroup). Duration of therapy is also summarized for patients in the NSCLC cohort ( Fig. 4D ) . Notably, 3 of the 4 patients who received abemaciclib in the absence of radiographic progression for ≥ 12 months had tumors harboring KRAS mutation.
Other Tumors
Ovarian cancer frequently harbors genetic or epigenetic alterations that aberrantly activate CDK4 or CDK6 ( 29 ) . We therefore tested whether abemaciclib could prolong survival in a human xenograft model (SKOV3-Luciferase) that recapitulates the characteristic intraperitoneal dissemination of ovarian cancer in patients ( Fig. 5A ) . In this orthotopic model, oral abemaciclib induced a dose-dependent prolongation of survival with no deaths at the highest dose level. Consistent with these preclinical results, we observed 2 patients with ovarian cancer who achieved stable disease based on RECIST version 1.1 for 4 and 6 cycles (abemaciclib 225 mg Q24H and 200 mg Q12H, respectively) and one patient with ovarian cancer who achieved a rapid and durable CA-125 response based on criteria of the Gynecological Cancer Intergroup ( 30 ) and received single-agent therapy (abemaciclib 150 mg Q24H) for 24 cycles without radiographic progression ( Fig. 5B ) .
The clinical activity of abemaciclib was also investigated in tumor-specifi c cohorts for cancers characterized by relevant pathway alterations, including glioblastoma, colorectal cancer, and melanoma ( Fig. 5C and Supplementary Table S7; refs. [31] [32] [33] . Consistent with detection of abemaciclib in cerebrospinal fl uid from patients at concentrations associated with target inhibition (CDK4/cyclin D1 Ki = 0.6 nmol/L), 3 patients with glioblastoma achieved stable disease, and 2 of these patients have continued to receive ongoing treatment without progression for 19 and 23 cycles, respectively. Both glioblastomas with durable disease control on singleagent abemaciclib had TP53 mutations, and one also had a frameshift mutation in the gene encoding the epidermal growth factor receptor (EGFR). These results are compatible with distribution of abemaciclib to the central nervous system. In the colorectal cancer cohort, 2 patients achieved stable disease, including 1 patient with a tumor that harbored both KRAS and TP53 mutations. In the melanoma cohort, 1 patient achieved RECIST partial response and 6 patients achieved stable disease, for a disease control rate of 27% (7 of 26 patients). Among the 16 patients with melanoma and available next-generation sequencing results, tumors harboring BRAF V600E/K mutations were relatively uncommon (2 patients) with corresponding enrichment for NRAS mutations (6 patients). Notably, the patient with metastatic melanoma who achieved a partial response had a tumor with molecular alterations ( NRAS mutation and copy-number loss at the INK4 locus) that induced aberrant kinase activity of CDK4 and CDK6.
DISCUSSION
This report encompasses the fi rst-in-human experience with abemaciclib, a dual inhibitor of CDK4 and CDK6 with greater selectivity for CDK4. Clinical development of this drug has utilized systematic integration of pharmacokinetic parameters with pharmacodynamic biomarkers across preclinical ( 22 ) and clinical studies in order to optimize dose, schedule, and antitumor effi cacy. The combination of traditional phase I and II design elements, as well as the incorporation of biomarkers and genomic profi ling, has allowed refi nement of dosing to achieve sustained target inhibition, detection of effi cacy signals in multiple tumor types, generation of hypotheses for tailoring abemaciclib therapy to patient populations most likely to respond, and early initiation of confi rmatory phase III studies.
We have established that abemaciclib can be dosed safely on a continuous schedule. Among treatment-emergent adverse events, fatigue was dose limiting, but gastrointestinal, renal, and hematopoietic effects were also observed. Diarrhea was manageable with antidiarrheal agents or dose reduction and did not result in patient discontinuation. Because abemaciclib inhibits renal effl ux transporters [multidrug and toxin extrusion (MATE) 1 and 2-K] that mediate active secretion of creatinine from the proximal tubule, increases in serum creatinine during therapy with abemaciclib may not accurately refl ect renal function, and measures of glomerular fi ltration rate that are independent of active tubular secretion via renal effl ux transporters (such as cystatin C) may yield a more accurate estimate of renal function than serum creatinine for patients receiving the drug. Previous reports have identifi ed neutropenia as an adverse event associated with dual inhibition of CDK4 and CDK6 (34) (35) (36) (37) (38) (39) as a single agent on a continuous schedule in the tumor-specifi c cohorts was associated with an acceptable incidence of investigator-reported grade 3 (9%, 16 of 173 patients) or grade 4 (1%, 2 of 173 patients) neutropenia. Febrile neutropenia was rare, occurring in only 1 patient over the entire study. This sparing of the hematopoietic system, which obviates the need for an intermittent dosing schedule (as required for palbociclib and ribociclib) and provides important opportunities for combining abemaciclib with a broad range of targeted or cytotoxic agents, may arise from greater selectivity for CDK4 compared with CDK6, pharmacokinetic considerations associated with Q12H dosing, metabolism to products with minimal hematologic toxicity, or a combination of these factors. Plasma concentrations for abemaciclib increased with dose, and mean exposures at 150 mg or 200 mg Q12H were associated with evidence of target engagement in both proliferating epidermal keratinocytes and tumor cells. Assessment of direct biochemical inhibition (reduced pRB) and phenotypic G1 arrest (reduced TopoII α ) demonstrated that Q12H dosing achieved sustained pharmacodynamic effects. Consistent with 
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previous fi ndings in mouse xenograft models ( 22 ) , a decrease in pRB ≥ 60% identifi ed a group of patients with HR-positive breast cancer who were likely to achieve stable disease or response. Although pharmacodynamic effects were observed at both dose levels, fewer dose reductions were required among those patients who initiated treatment at 150 mg Q12H. However, the broad dose range associated with clinical effi cacy and the presence of interpatient pharmacokinetic variability support the concept that some patients may derive optimal antitumor effi cacy from dosing at 200 mg Q12H. Therefore, the recommended starting dose for abemaciclib as a single agent is 200 mg Q12H, with supportive measures or dose reduction if necessary to achieve acceptable tolerability for an individual patient. In certain clinical contexts, however, it may be reasonable to initiate therapy with abemaciclib at 150 mg Q12H to limit toxicity and to consider dose escalation to 200 mg Q12H for an individual patient with acceptable tolerability but suboptimal response. Abemaciclib was also detectable in the cerebrospinal fl uid of patients at concentrations approximating those of unbound drug in plasma, and 2 patients with glioblastoma have achieved prolonged PFS. Accordingly, abemaciclib is being investigated in a clinical trial for patients with brain metastases (NCT02308020).
KRAS mutations are found in approximately 30% of lung adenocarcinomas and confer an adverse prognosis compared with KRAS wild-type tumors ( 40 ) . Among the heavily pretreated patients in the NSCLC cohort, responses were uncommon, but the disease control rate was greater in the KRAS -mutant population compared with the KRAS wild-type population, due in large part to more than a doubling of the number (and also the percentage) of patients with stable disease lasting ≥ 24 weeks. More over, the majority of tumor regressions in the group with stable disease also occurred in KRAS -mutant patients. Although outcomes from ongoing clinical trials will be required to confi rm whether the presence of KRAS mutation identifi es a population with NSCLC sensitive to abemaciclib, the results from the current study are consistent with the greater sensitivity of KRAS-mutant versus KRAS wild-type NSCLC xenografts, as well as the synthetic lethal interaction observed with genetic inactivation of CDK4 in KRAS -driven mouse models of lung adenocarcinoma ( 14 ) . The activity observed in the KRAS/ LKB1 (KL) subset is particularly noteworthy, as this group has recently been associated with aggressive phenotype ( 41 ) and was poorly responsive to other therapeutic approaches in preclinical models, including taxane-based chemotherapy and MEK inhibition ( 42 ) . Collectively, these fi ndings support the investigation of abemaciclib for patients with KRAS -mutant NSCLC in an ongoing phase III trial (NCT02152631).
Similar to NSCLC, colorectal cancer frequently harbors KRAS mutation. Although stable disease was achieved for some patients with colorectal cancer, durability was relatively short, and progressive disease was typical for most patients. In this regard, it is important to emphasize that synthetic lethality between KRAS mutation and CDK4 inhibition may depend upon tumor type and molecular context ( 14 ) .
For melanoma, abemaciclib as a single agent achieved a disease control rate of 27% and induced a partial response for 1 patient with metastatic melanoma harboring both NRAS mutation and copy-number loss at the INK4 locus. However, the relatively low representation of BRAF -mutant disease in the current study may have limited the opportunity to observe maximal clinical activity, as preclinical studies with abemaciclib in models of human melanoma indicate that the drug may have particular clinical application in reversing resistance to selective BRAF inhibitors in melanomas characterized by BRAF V600E/K mutations ( 23 ) . Preclinical studies in breast cancer models utilizing genetic or pharmacologic ablation of CDK4 activity have predicted the effi cacy of CDK4 inhibitors in both HR-positive and HER2-positive disease ( 11, 26 ) . Clinical investigation with palbociclib as a single agent in patients with HR-positive breast cancer showed an overall response rate (ORR) of 6% (2 of 33 patients), a clinical benefi t rate (CBR) of 21% (7 of 33 patients), and a median PFS of 4.5 months ( 43 ) . Among patients with HR-positive disease enrolled in the breast cancer cohort of the current clinical trial ( Fig. 3C and D ) , abemaciclib therapy demonstrated an ORR of 31% (11 of 36 patients), a CBR of 61% (22 of 36 patients), and a median PFS of 8.8 months. Based on these results, abemaciclib is currently under active clinical investigation for patients with HR-positive advanced breast cancer in a phase II study as a single agent (NCT02102490) and in two phase III studies in combination with either fulvestrant (NCT02107703) or aromatase inhibitors (NCT02246621).
TP53 mutations localized to the region encoding the DNAbinding domain of p53 and were enriched among breast cancers with increase in tumor size at best response. Although it is not yet known whether these mutations confer intrinsic resistance in breast cancer, it is intriguing that p53 plays a role in triggering senescence, which may represent an important mechanism for the antitumor effects of agents that inhibit CDK4 or CDK6 ( 44 ) .
Although partial responses were observed for HER2-positive or PIK3CA -mutated breast cancers in the context of HRpositive disease, further work will be required to defi ne the role for abemaciclib in tumors with these molecular features. To investigate potential therapeutic opportunities, abemaciclib is being studied for patients with breast cancer in combination with both endocrine therapies and agents targeting the HER2 or PI3K-AKT-mTOR pathways (NCT02057133).
In summary, the results of this clinical trial demonstrate the safety and antitumor activity of abemaciclib as a single agent and support its further development both as monotherapy and in rational combinations. Furthermore, these fi ndings validate CDK4 and CDK6 as anticancer drug targets and translate preclinical predictions regarding therapeutic targeting of cell-cycle derangements in cancer into clinical effi cacy.
METHODS
Preclinical Studies
All cell lines were authenticated by genetic testing (IDEXX Bioresearch) and were obtained from the centralized cell bank maintained by Eli Lilly and Company. For human xenograft studies, athymic nude mice were implanted with human tumor cells either subcutaneously or directly into the peritoneal cavity. After tumors were established in vivo , cohorts of mice were treated orally with either vehicle or abemaciclib mesylate (range, 25-100 mg/kg/d) for a period of approximately 21 days. Tumor measurements were performed quantitatively by physical measurement (subcutaneous models) or noninvasive imaging (intraperitoneal model) at regular intervals. All animal studies were RESEARCH ARTICLE performed in accordance with American Association for Laboratory Animal Care institutional guidelines, and all protocols were approved by the Eli Lilly and Company Animal Care and Use Committee.
Study Design
Dose escalation was performed using a 3 + 3 design. Two continuous administration schedules were studied: 50, 100, 150, or 225 mg orally every 24 hours (Q24H) and 75, 100, 150, 200, or 275 mg orally every 12 hours (Q12H). After determination of the single-agent MTD, abemaciclib (150 mg Q12H or 200 mg Q12H) was assessed in tumorspecifi c cohorts for breast cancer, NSCLC, glioblastoma, melanoma, and colorectal cancer. An additional cohort for HR-positive breast cancer evaluated combination safety for abemaciclib plus fulvestrant. The trial was conducted in accordance with the Declaration of Helsinki and the International Conference on Harmonisation. The protocol was approved by all institutional review boards, and written informed consent was collected from all patients before conducting study procedures. This study is registered with ClinicalTrials.gov (NCT01394016).
Patients
Eligible patients were 18 years or older with advanced cancer, no longer receiving benefi t from available standard therapies, with adequate organ function and Eastern Cooperative Oncology Group performance status ≤ 1 (dose escalation) or ≤ 2 (tumor-specifi c cohorts). Measurable disease was required in the single-agent tumor-specifi c cohorts and was defi ned by RECIST version 1.1 ( 45 ) . Prior cancer treatments must have been discontinued 14 or 21 days for nonmyelosuppressive and myelosuppressive therapies, respectively; however, patients in the single-agent breast cancer cohort who had progressed on endocrine therapy were permitted to continue that specifi c therapy. Patients with disease in the central nervous system were excluded from dose escalation but permitted in tumor-specifi c cohorts if there was radiographic and clinical stability for at least 14 days.
Procedures
During dose escalation, cohorts of 3 patients were sequentially enrolled at successive dose levels. A single dose of abemaciclib was administered on day − 3 for determination of single-dose pharmacokinetics, with continuous dosing beginning on day 1. Adverse events were graded using the Common Terminology Criteria for Adverse Events (CTCAE; Version 4.0). Dose escalation was guided by safety during cycle 1 and informed by pharmacokinetic data.
DLT was defi ned as the following possibly drug-related events occurring during cycle 1: grade 3 or 4 nonhematologic toxicity (except for nausea, vomiting, diarrhea, or electrolyte disturbance, which were considered dose limiting only if they persisted >2 days despite maximal supportive intervention); grade 4 hematologic toxicity that persisted >5 days; grade 3 or 4 thrombocytopenia with bleeding; and grade 3 or 4 neutropenia with fever. Dose adjustments were required for patients with possibly related grade ≥ 3 nonhematologic toxicity or grade 4 hematologic toxicity and were permitted for patients with omission of >25% of doses in a single cycle due to tolerability. MTD was defi ned as the highest dose level at which <33% of patients experienced DLT.
Tumor response was assessed every 2 cycles by investigators, and retrospectively by independent central review for patients with investigator-assessed stable disease or response, using either computed tomography (CT) or MRI scans in accordance with RECIST version 1.1 ( 45 ).
Pharmacokinetics
Pharmacokinetic sampling was performed from plasma and, in a subset of patients, from cerebrospinal fl uid. Drug concentrations were assayed using a validated method for liquid chromatography with tandem mass spectrometry. For plasma, sampling was performed on day − 3 (predose and 1, 2, 4, 6, 8, and 10 hours postdose), day − 2 (24 hours postdose), day − 1 (48 hours postdose), and day 1 (72 hours postdose), day 15 (predose and 1, 2, and 4 hours postdose), day 22 (predose), and day 28 (predose and 1, 2, 4, 6, 8, 10, and 24 hours postdose). For cerebrospinal fl uid, sampling was performed at baseline (day − 14 to day − 3) and on day 15 (2-8 hours postdose).
Pharmacodynamic and Genomic Analyses
Skin biopsies were performed pretreatment and on day 15 (predose and 4 hours postdose) and analyzed for pRB (Ser780; BD Biosciences #558385) and TopoII α (Epitomics #1826-1) by immunohistochemistry to quantitate expression by H-score (H-score = weighted sum of % 1 + cells, twice % 2 + cells, and three times % 3 + cells; range, 0-300). Paired tumor biopsies were obtained from selected patients before treatment (between days − 14 and − 4) and on treatment (between days 8 and 22) during cycle 1. Available archived tumors were subjected to next-generation sequencing using platforms compliant with Clinical Laboratory Improvement Amendments (CLIA).
Sample Size and Statistical Analysis
Although at least 15 patients were to be enrolled in each of the tumor-specifi c expansions, up to 45 to 60 patients could be enrolled in each tumor-specifi c expansion. The target sample size of up to 45 to 60 patients was based on differentiating 34.5% to 40% from 5% (uninteresting) ORR in tumors with (marker present) and without (marker absent) a relevant tumor biomarker, respectively (that is, ORR marker present = 34.5%-40% and ORR marker absent = 5%). Examples of relevant tumor biomarkers included KRAS status (mutant versus wild-type; NSCLC) and HR status (positive versus negative; breast cancer). Assuming an equal number of patients having tumors with and without the biomarker, 45 or 60 patients provided approximately 85% power to differentiate 40% or 34.5% from 5% ORR, respectively. To maximize the power to detect the ORR difference between the biomarker groups, enrollment to a tumor-specifi c expansion could be adjusted to achieve approximately an equal number of patients having tumors with and without the biomarker.
All patients who received at least 1 dose of abemaciclib were included in safety and effi cacy analyses. Patient results were summarized by dose level (escalation) or tumor-specifi c cohort. Pharmacokinetic parameters were computed by standard noncompartmental methods. For analysis of pharmacodynamic response during drug treatment, a paired Wilcoxon test was used to compare the distributions of pRB or TopoII α expression in skin at baseline versus during treatment (predose or postdose) on day 15. An unpaired Wilcoxon test was used to compare the distributions of maximal percent change in tumor size in subgroups of patients with HR-positive breast cancer with <60% versus ≥ 60% decrease in pRB expression in skin (predose) on day 15. Median duration of response and median PFS were estimated using the Kaplan-Meier method ( 46 ) . 
Disclosure of Potential Confl icts of Interest
